This study considers a ultra-dense network (UDN) in which the enormous number of base stations (BSs) are densely deployed to support the massive amount of data traffic generated by many mobile devices. In this paper, we propose an approximate thinning-based judicious network control algorithm for energy-efficient UDNs (ACEnet) to improve the area throughput while diminishing the network energy consumption. The main idea of the proposed ACEnet algorithm is to judiciously adjust the modes of the BSs according to active-user density based on the thinning operation in stochastic geometry framework. The stochastic geometry framework is exploited to analyze the performance of the proposed algorithm, which includes the signal-to-interference-plus-noise ratio (SINR), average achievable rate of users, area throughput, and energy efficiency. Through intensive simulations, it shows that the proposed algorithm outperforms conventional algorithms. We also demonstrate that the analytical results are well matched with the simulation results.
Introduction
In 5th generation mobile communication systems (5G), there are many promising technologies such as full-duplex radio (FDD), dynamic time division duplex (TDD), massive multiple-input multiple-output (MIMO), wireless fronthauling and backhauling, and ultra-dense networks (UDNs) to fulfill diverse system requirements [1] [2] [3] . Mobile traffic and devices are explosively increasing, and also will continually increase in the future because of many forthcoming 5G services for massive machine-type communications (mMTC) and the Internet of Things (IoT). Thus, base stations (BSs) may be more densely deployed to support the enormous number of mobile devices. However, there still exist several fundamental challenges for minimizing energy consumption, detrimental interferences, and frequent handovers in UDNs. In particular, the reduction in energy consumption is one of the most challenging technical issues for implementing UDNs in practice when considering the fact that 80% of the energy in mobile networks is consumed in BSs [4, 5] .
Recently, the optimization of the network energy efficiency is one of the most actively investigated research items in 5G UDNs. A scheme to adjust the BS modes (awake or sleep) was proposed [6] to minimize the energy consumption of the BSs. In [7] , potential gains and limitations of the UDNs were investigated. In particular, the impact of idle-mode operation of BSs, transmission power of BSs, user density, and user distribution on the energy efficiency of the UDN is addressed. Furthermore, Reference [8] proposed a centralized power on/off optimization technique based on system-level simulations for heterogeneous networks. In [9] , an optimal wake-up mechanism of femtocell BSs was proposed to minimize the energy consumption of heterogeneous networks by using Markov decision processes (MDP), exchanging information on the amount of data traffic between BSs and users. In addition, Reference [10] proposed energy efficient user association and power allocation methods in millimeter-wave-based ultra-dense networks with energy harvesting base stations.
A performance analysis framework based on stochastic geometry has been developed for cellular networks especially for achievable rate and coverage probability in small cells [11] . In [12, 13] , spectral efficiency, area throughput, and network energy efficiency of UDNs were analyzed with a stochastic geometry framework, and it is shown that a trade-off exists among such performance metrics. In addition, in [14] , the BS density for optimal energy efficiency is analyzed by the stochastic geometry framework with the Newton iteration method for cellular networks where it is also shown that the network energy efficiency can be improved by carefully adjusting the BS density via switching BSs on or off according to the network traffic load. In [15] , an energy-efficient resource management scheme using game theory was proposed for UDNs modeled with stochastic geometry framework where a modified K-means algorithm was utilized for the BS-clustering process. In addition, Jia et al. proposes a BS switch-off strategy with distance constraints to reduce the energy consumption in Matern hard-core point process (HCPP) random cellular networks [16] . The concept of energy balance is proposed to evaluate the efficiency of energy saving in these networks. The objective of [16] is to find a maximal point of the energy balance for the BS switch-off strategy by intensive simulations. However, because network environment and parameters are always variable, it is almost impossible to perform simulations and obtain corresponding results every time when the network conditions dynamically change.
The energy efficiency of the UDNs can be improved by appropriately adjusting the awake/sleep mode of the BS. When determining the mode of the BS, the locations of the BS is one of the most important factors when considering densely deployed BSs. Thus, we herein propose an approximate thinning-based judicious network control algorithm for energy-efficient UDNs (ACEnet). The main idea of the proposed algorithm is to decide the appropriate status of the BS considering a thinning radius (r t ) in a well-known HCPP. In this HCPP process, determining the thinning radius is very important because it controls the number of BSs to be altered into sleep mode. Accordingly, we adaptively adjust the thinning radius according to the active user density in the network. We utilize the stochastic geometry model for the network configuration owing to the tractability of this model [11] . To validate the superiority of the proposed algorithm, numerical and simulation results are provided.
The remainder of this paper is organized as follows. In Section 2, we describe the formula of the system model using the stochastic geometry model. In Section 3, we propose the approximate thinning-based judicious network control algorithm for energy-efficient UDNs (ACEnet). In Section 4, we evaluate the performance of the conventional and proposed algorithms. In Section 5, we make conclusions.
System Model
The BSs and user equipment (UE) are generated by a homogeneous Poisson point process (PPP) with intensities λ B and λ u in the entire network, respectively, as shown in Figure 1 . Figure 1 is the example of a Voronoi tessellation of the PPP. In general, this Voronoi tessellation decomposes the network space into several Voronoi cells corresponding to the homogeneous PPP with intensity λ B . Homogeneous PPP generates each point independently, and thus the points could be closely positioned. Hence, the coverages of BSs could intricately overlap. The coverage overlaps may cause undesired inter-cell interferences and waste of network energy. These problems can be resolved by efficiently managing a number of the densely deployed BSs. In this paper, the thinning operation is applied to eliminate points (BSs) of HCPP according to the amount of active UE, where eliminating points implies reducing the number of active BSs. In the thinning operation, the points within the thinning radius are removed on the basis of a reference point. In Figure 1 , the UE communicates with the nearest active BS. Then, the signal-to-interference-plus-noise-ratio (SINR) can be calculated using the desired signal strength from the nearest serving BS and the total amount of interferences from all other neighboring BSs. 
Poisson Point Process (PPP) and Thinning Operation
Equation (1) represents the probability that there are n BSs (or UE) in a specific space S.
Here, UE can communicate with the nearest BS and all the neighboring BSs are considered as interferers. Given that the distance between the nearest BS (serving BS) and the UE is r, the probability density function (pdf) of r can be derived by using the fact that the null probability of the two-dimensional Poisson process defined in the specific space S with a radius R is exp(−λS) [11] . Thus, P[r > R] can be calculated as
Accordingly, P[r ≤ R] can be represented as
From Equation (3), we can obtain the pdf of r in the homogeneous PPP ( f r (r)) as
In this paper, we denote that f r.p (r) and f r.t (r) are the pdfs of r in the homogeneous PPP and HCPP, respectively. As mentioned before, the thinning operation in the HCPP is the process to create a group of new points by removing the points within the thinning radius (r t ) on the basis of reference points among all the original points generated by the homogeneous PPP. In this paper, the thinning operation removes points according to the following steps:
•
Step 1: Assign a random marked value (M) between 0 and 1 for all points sampled by PPP.
Step 2: Find the points within the thinning radius on the basis of the reference point, and remove the points with a smaller value than that of the reference point.
Step 3: Repeat Step 1 and Step 2 for all points in the entire network.
Accordingly, the intensity of the BS in the network is altered and the pdf of the distance r between the BS and the UE is also changed. In this case, the pdf of r after applying the thinning operation can be approximated as [16, 17] 
where λ B.p represents the BS intensity of original PPP, and the intensity of the remained BSs after the thinning operation can be expressed as λ [18] [19] [20] . In Equation (5), λ s is a unique value that matches the sum of the pdf to 1. In addition, A(r, r t ) in Equation (5) can be described as follows [16] :
N(r i ) is the average amount of UE within the ith integration region. The entire space S in Equation (1) can be quantized into bins with bounds (r i − ∆r/2, r i + ∆r/2), where r i = r 0 + i · ∆r for i ∈ Z + [12] . Here, we assume that r 0 is a clearance region, where no UE is located. Therefore, N(r i ) of the ith integration region whose area is 2πr i ∆ r can be expressed as [12, 13] 
From Equations (4) and (6), we can calculate the total amount of UE within the BS coverage. Therefore, the amount of UE in the BS coverage (N u.tot ) is approximately expressed as
where the probability mass function p r (r i ) can be calculated as p r (r i ) = r i +∆r r i −∆r f r (r)dr. In addition, in accordance with [21] , the average amount of UE in each BS (N u.tot ) can be expressed as
Average Achievable Rate, Average Cell Throughput, and Energy Efficiency
The instantaneous SINR of typical UE whose distance from the BS is r can be expressed as
where P t , h, and α denote the transmission power of the BS, small-scale fading (e.g., Rayleigh fading), and a path-loss exponent, respectively. In addition, N 0 is noise power and assumed to be additive with variance (σ 2 ). In Equation (8), the cumulative interference from all the other BSs except its associated BS (I r ) can be calculated as
where B is the set of all the BSs in the entire network, and b 0 denotes the UE's associated BS. In addition, v i is the distance from neighbor BSs that cause the interferences. From Shannon formula, the instantaneous spectral efficiency of a typical UE of distance r from its associated BS is
From Equation (10), the average ergodic rate (E h,I r [R(r)]) can be calculated as [11, 22] 
= E I r t>0 P[ln(1 +
Here, we assume a Rayleigh fading channel and µ = 1/P t . In Equation (11), L denotes a Laplace transform and −µr −α (e t − 1) can be replaced by s. Thus, the Laplace transform of I r (L I r (s)) can be obtained as
Then, from Equations (4), (5), and (11), the average achievable rate is expressed as [12, 13] 
where B u is the size of bandwidth allocated to each UE. For the sake of simplicity, we assume that the total bandwidth (B) is equally allocated to all the users (N u ) in this paper. When the BSs and UE are deployed by original PPP without the thinning operation, the average achievable rate can be obtained by Equations (4), (11) , and (13). However, when the BSs are deployed by PPP with thinning operation, the average achievable rate can be calculated by Equations (5), (11) , and (13). In [19] , the tight bound of the received interference power is proposed by setting the UE's position as the same with the tagged BS's position. The interfering signals are generated at BSs farther than the thinning radius, and the results are obtained against thinning radius. The difference of the received interference power between HCPP and PPP is around 1-2 dB. Figure 2 shows the received interference power after the thinning operations in the HCPP and PPP. These results are the normalized interference power divided by the BS intensity. The square symbols represent the HCPP with the BS intensity (λ B.t ), and the circles indicate the PPP with the BS intensity (λ B ).
In addition, the average cell throughput is derived from Equations (7) and (13) . In other words, the average cell throughput can be calculated by N u.tot · T, where there is N u.tot UE in the BS and their average achievable rate can be obtained by Equation (13) . Therefore, the area throughput (T area ) per km 2 can be obtained by multiplying the average cell throughput by λ B :
In addition, from Equation (14), the energy efficiency (η area ) in the network is represented as
Figure 2. Received interference power by PPP and HCPP vs. thinning radius (r t ).
Here, P B is the total energy consumed by the BS. It can be calculated as P B = (1/σ) · P t + P c + P 0 where σ is the amplification efficiency, and P c and P 0 are the consumed power by the circuit and in the standby mode, respectively.
ACEnet: Proposed Approximate Thinning Based Judicious Network Control Algorithm
In this section, we describe how to decide the appropriate status of the BSs to improve energy efficiency in the UDNs. Algorithm 1 describes the overall procedures of the proposed approximate thinning-based judicious network control algorithm with thinning operation (ACEnet). This algorithm represents a process to find the thinning radius r t . Here, N B and N u denote the number of BSs and the amount of UE, respectively, C B represents the amount of UE that can be accommodated at once in the BS, and d i,j means the inter-site distance between BS i and BS j. M i denotes a unique random mark value between 0 and 1 for performing the thinning operation. For BS k randomly chosen among the set of all BSs (B), we create the BS group G I N with M k , we can determine the BS whose mode will be changed into sleep. Algorithm 1 consists of two parts as follows.
• Part 1-Calculation of r t : By using N u and C B , we can calculate approximately how many BSs must be awake to serve active UE, where the number of BSs to be awake is N R . Accordingly, the number of BSs to be in sleep mode is calculated as N B − N R , and the ratio of BSs in sleep mode to BSs in awake mode is calculated by N r = (N B − N R )/N R . Consequently, the thinning radius that satisfies F d i,j (r t ) = P r can be obtained from the cumulative distribution function (CDF) of the inter-site distance between BSs (d i,j ), where P r is the ratio of N r to N B .
• Part 2-Calculation of Ψ: A matrix Ψ represents the overall status of all BSs. The BSs within the thinning radius are classified as Group G
[k]
I N according to the distance (d k,j ) between the BS k and its neighboring BSs. After comparing M i included in G [k] I N , the mode of the BS that satisfies M i,i =k < M k is changed to sleep mode. As shown in Algorithm 1, this procedure is conducted iteratively for all BSs. for j ∈ j =i 1 to N B do 10: if d i,j ≤ r t then 11: Insert BS j in group G
end if 13: end for 14: Check the M i and M
Set BS j to sleep mode 18 :
end if 20: end for 21: end if
22: end for
In summary, the BS to be awake and the BS to be in sleep mode can be determined through Algorithm 1, and the results are updated in Ψ. Namely, the updated Ψ indicates whether the BS should be awake or in sleep mode. Figure 3 shows the example of judicious BS control based on the proposed approximate thinning operation. 
Numerical and Simulation Results
In this paper, to improve the energy efficiency of the UDNs, we proposed the ACEnet algorithm based on the thinning operation. In our proposed algorithm, the status of the BSs is adaptively changed according to the amount of active UE in the networks. We herein analyze and discuss the performance of our proposed algorithm according to the variation in amount of UE. The amount of UE increases from 1000 to 120,000, and the number of BSs is 500. The simulation parameters are shown in Table 1 . To compare the performance results with respect to area throughput and energy efficiency, we compare our proposed ACEnet algorithm with the always-awake (AA), association-control (AC), and exhaustive search (ES) algorithms. In the AA algorithm, because the thinning operation is not utilized, all BSs are always kept in awake mode. The AC algorithm adjusts the status of BS according to the threshold number of users (N th ) [23] . That is, the BSs having over the threshold number of users become awake. In addition, the ES algorithm shows the upper bound of the energy efficiency in UDNs; in other words, ES finds the optimal thinning radius to achieve the best energy efficiency from 0 to r max , where r max is the maximum thinning radius. In addition, we compare the numerical results of the average achievable rate in Equation (13) 
Performance Comparison with Exhaustive Search (ES) Algorithm
The ES algorithm shows the upper bound of energy efficiency. The ES algorithm finds the optimal thinning radius to achieve the optimal energy efficiency from 0 to r max . Here, the number of BSs varies from 15 to 50, and the amount of UE is 2000. Because of the excessively long simulation time of the ES algorithm, we used a small number of BSs to obtain the simulation results.
As shown in Figure 4a , the AA algorithm has the highest area throughput among these algorithms because the status of all BSs is maintained as awake. However, because the thinning operation is applied considering the number of active UE in the proposed ACEnet algorithm, the area throughput could not exceed the area throughput in the AA algorithm.
However, as shown in Figure 4b , we can see that the energy efficiency of the proposed ACEnet algorithm is higher than that of the AA algorithm by reducing the number of awake BSs. Although the area throughput of the proposed ACEnet algorithm is slightly smaller than that of the AA algorithm, the energy efficiency is higher.
In Figure 4c , the thinning radius in the ES algorithm is larger than that of the ACEnet algorithm. This means that more BSs could enter sleep mode in the ES algorithm compared with the proposed ACEnet algorithm. This is because the goal of the ES algorithm is to maximize the energy efficiency. Furthermore, we do not need to define the thinning radius in the AA algorithm, as the thinning operation does not exist. In the ACEnet algorithm, r t is 0 when λ B is less than 20. This means that the number of BSs is less than N R . However, even in this region, the thinning operations are still applied in the ES algorithm for maximizing the energy efficiency of UDNs. From these simulation results, we can find that precise information regarding the location of active UE is very critical to determine which BSs should be set to sleep mode.
Performance Comparison in UDNs
The average amount of UE per BS, the area throughput, and the energy efficiency in the UDNs are shown in Figure 5a -c, respectively. When the amount of UE is from 1000 to 50,000, N R < N B , and past the vertical line, N R ≥ N B . This means that the proposed ACEnet algorithm is not conducted in region B, when N R ≥ N B . As shown in Figure 5a , in region A, the average number of users per BS in the numerical results are greater than that in the simulation results because the number of awake BSs in the simulation results is larger than N R calculated by the numerical analysis. In order words, the thinning radius derived by the proposed ACEnet algorithm may have a slight difference with the numerical r t obtained by F d i,j (r t ) = P r . Therefore, the amount of UE included in each BS may be reduced because of the relatively higher number of awake BSs.
In region B, the status of all BSs is awake because N R ≥ N B . Here, the gaps are caused by the non-uniformly distributed UE in the network. That is, the amount of UE per BS in simulations is not exactly even. Accordingly, the amount of interference occurred from each BS can be slightly different. However, the amount of interference in numerical results is calculated by the multiplication of the average value. For this reason, there is a difference between the simulation and numeral results, as shown in Figure 5b ,c.
In Figure 5b , unlike the results in Section 4.1, the proposed ACEnet algorithm has a larger area throughput than the AA and AC algorithms because the amount of interference generated by the awake BSs is relatively small. For the same reason, in Figure 5c , we find that the proposed ACEnet algorithm has higher energy efficiency compared to those of the AA and AC algorithms when the number of iterations between 0 and the vertical line.
Conclusions
In this paper, we proposed the approximate thinning-based judicious network control to improve the energy efficiency of UDNs. The area throughput in UDNs can be increased by the judicious adjustment of the mode of a BS according to the active user density. In our proposed algorithm, the thinning radius is obtained from the amount of UE when the total number of awake BSs is less than the total number of BSs. As shown in the simulation results, the proposed ACEnet algorithm can increase energy efficiency while minimizing the decrement of the area throughput compared with the AA and AC algorithms. With our proposed ACEnet algorithm, the network operators can effectively manage the BSs in accordance with the amount of active UE to enhance the network energy efficiency.
